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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a non-contact and non-destructive measurement method of measuring film thick- 
nesses of one or more transparent films of a sample object which is to be measured (hereinafter "sample object") in 
which the one or more transparent films are stacked on a substrate. 

Description of the Background Art 



To measure a film thickness of a transparent film of a sample object in which the transparent film is disposed on 
a substrate, a measurement method utilizing spectral reflectances is previously known. In this measurement method 
is (hereinafter "first conventional method"), a sample object is irradiated with light of a certain observation wavelength 
range. Spectral reflectances for the sample object are measured to obtain an interference waveform. The number of 
peaks and valleys in the interference waveform and wavelengths corresponding to the peaks and valleys are then 
identified, and the film thickness d is calculated from these data. More specifically, the film thickness d is calculated as: 

20 m-1 

X1 * X2 

where 

25 

X1 : the wavelength of a peak or a valley of the shorter wavelength side 
X2: the wavelength of a peak or a valley of the longer wavelength side 
n1: the refraction index of the transparent film at the wavelength M 
n2: the refraction index of the transparent film at the wavelength X2 
30 m: the total number of the peaks and the valleys in the observation wavelength range 

However, if the sample object is formed by a plurality of transparent films which are stacked one atop the other on 
a substrate, it is impossible to measure the film thicknesses of the transparent films by the first conventional method. 
When light is irradiated upon the multilayered sample object and spectral reflectances are measured, interference 

35 within and between the transparent films are included in the measured spectral reflectances. 

To deal with this, techniques for measuring film thicknesses of transparent films of a multilayered sample object 
have been developed in recent years. One example is a technique disclosed by United States Patent No. 4,999,509 
(hereinafter "second conventional method"). In the second conventional method, film thickness ranges for the respec- 
tive transparent films are inputted in advance, and the film thicknesses of the transparent films of the multilayered 

40 sample object are calculated by global optimization and local optimization. 

Thus, when a sample object includes only one transparent film disposed on a substrate, the film thickness of the 
transparent film is measured by the first conventional method. On the other hand, when a sample object has a multi- 
layered structure in which a plurality of transparent films are formed on a substrate, the film thicknesses of the respective 
transparent films are measured by the second conventional method. 

45 Nevertheless, the first conventional method has a limited success in measuring a film thickness of a transparent 

film. Since a precondition for the first conventional method is that an interference waveform includes two or more peaks 
and valleys, if the interference waveform does not include peaks or valleys or the interference waveform includes only 
one peak or valley if not at all because the transparent film is relatively thin, it is impossible to measure the film thickness 
of the transparent film. 

50 Neither is the second conventional method satisfactory since the second conventional method forces an operator 

to the inconvenience of inputting film thickness ranges for the respective transparent films in advance for later global 
optimization. Although this inconvenience is avoided by inputting a sufficiently large film thickness range, such will 
instead increase the number of computation steps and unbearably lengthen a computation time. In addition, since a 
value calculated as a result of optimization largely varies depending on a starting point of optimization (i.e., the value 

55 of a film thickness of each transparent film) and other optimization parameters, a reproduction accuracy of measure- 
ment greatly drops depending on set conditions. 

Although a combination of the first and second conventional methods makes it possible to deal with at least one 
or more transparent films of a sample object, this combination has a disadvantage that the film thickness measurement 
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methods must be switched each other depending on the number of the transparent films at the expense of measurement 
process simplicity. 

The document EP 0 639 753 A2 which is effective under Article 54(3) EPC, describes a method of measuring 
thicknesses of monolayer or two-layered transparent films which are disposed on a SOI substrate which is formed by 
5 a body 5 a transparent insulation film and a silicon film. Two kinds of routines for measuring film thicknesses are sepa- 
rately provided for the respective cases of monolayer and two-layered transparent films. These two routines should 
be prepared separately, and either of them is selected and used according to the number of transparent films. No 
general description how to handle cases of three or more layers can be found. 

10 SUMMARY OF THE INVENTION 

In a first aspect of the present invention, a method of measuring thicknesses of one or more transparent films of 
a sample object which are stacked on a substrate of the sample object comprises the steps of: (a) inputting the number 
of the transparent films and optical constants of each one of the transparent films; (b) irradiating light of a predetermined 

'5 observation wavelength range upon the sample object, measuring spectral reflectances and deriving an interference 
waveform; (c) finding the total number of peaks and valleys in the interference waveform within said observation wave- 
length range and determining possible film thickness ranges for the transparent films based on an inequality including 
the number of said transparent films, the total number of peaks and valleys and first and second wavelengths which 
are respectively located in a shorter wavelength side and a longer wavelength side within the observation wavelength 

20 range; and (d) calculating a deviation between theoretical spectral reflectance and measured spectral reflectance with 
respect to tentatively determined film thickness values while changing the tentatively determined film thickness values 
each by a predetermined film thickness pitch within the possible film thickness ranges to find a film thickness combi- 
nation which causes the deviation to be minimum, thereby finally determining the thicknesses as the thicknesses of 
said transparent films. 

25 in a second aspect of the present invention, the step (c) includes the steps of: (c-1 ) finding the total number of 

peaks and valleys in the interference waveform within said observation wavelength range; (c-2) judging whether the 
total number is less than 2 or not; (c-3) determining a wavelength which is related to a peak or a valley which is located 
on the shorter wavelength side in the interference waveform as the first wavelength and determining a wavelength 
which is related to a peak or a valley which is located on the longer wavelength side in the interference waveform as 

30 the second wavelength if the total number is not less than 2 to thereby determine the possible film thickness ranges 
of the transparent films based on the first and second wavelengths; and (c-4) calculating an approximate total number 
of peaks and valleys which could be found within the observation wavelength range as the total number based on 
wavelengths which are located at the shortest and longest wavelength sides and the optical constants regarding the 
transparent films if the total number is less than 2, determining the wavelength which is located at the shortest wave- 

36 length side of the observation wavelength range as the first wavelength while determining the wavelength which is 
located at the longest wavelength side of the observation wavelength range as the second wavelength, and thereafter 
determining the possible film thickness ranges of the transparent films based on the approximate total number of peaks 
and valleys and the first and second wavelengths. 

In a third aspect of the present invention, the step (c-3) includes a step of calculating a sum of optical thicknesses 

40 of the transparent films based on the first and second wavelengths and the total number of peaks and valleys found 
at the step (c-1) and thereafter determining a certain range around the sum as a first condition for a film thickness 
combination. The step (c-4) includes a step of determining a certain range around the approximate total number of 
peaks and valleys as a second condition for a film thickness combination. The step (d) includes a step of judging 
whether the tentatively determined film thicknesses satisfy the first and second conditions for a film thickness combi- 

45 nation prior to calculation of a deviation between theoretical spectral reflectance and measured spectral reflectance 
with respect to the tentatively determined film thicknesses, and thereafter calculating a deviation only when the first 
and second conditions for a film thickness combination are satisfied. 

In a fourth aspect of the present invention, prior to the step (d), the film thickness pitch is set for each one of the 
transparent films at a value which is smaller than a film thickness change which causes the total number of peaks and 

50 valleys appearing in the interference waveform to change by 1 with a change in the tentatively determined film thick- 
nesses. The film thickness combination which is found at the step (d) is optimized by nonlinear optimization in finding 
thicknesses of the one or more transparent films. 

In a fifth aspect of the present invention, the step (d) includes a step of judging whether said tentatively determined 
film thicknesses satisfy a predetermined condition for a film thickness combination prior to calculation of the deviation 

55 between theoretical spectral reflectance and measured spectral reflectance with respect to tentatively determined film 
thicknesses, and thereafter calculating a deviation only when said condition for a film thickness.combination is satisfied. 

Thus, according to the first aspect of the present invention, the sample object is illuminated with light of the pre- 
determined observation wavelength range to measure spectral reflectances, and an interference waveform is devel- 
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oped from the spectral reflectances. The total number of peaks and valleys in the interference waveform is found, and 
the possible film thickness ranges of the respective transparent films are determined based on the total number of the 
peaks and valleys and the first and second wavelengths which are respectively specified in the shorter and the longer 
wavelength sides within the observation wavelength range. Hence, there is no need to input the film thickness ranges 
prior to measurement of film thicknesses. Further, the total number of the computation steps is reduced, which dras- 
tically shortens the computation time. Still further, by performing predetermined measurement processes., it is possible 
to measure the film thicknesses of the respective transparent films regardless of the number of the transparent films. 

According to the second aspect of the present invention, upon finding the total number of the peaks and valleys 
in the interference waveform, it is judged whether the total number is less than 2 or not. The possible film thickness 
ranges of the respective transparent films are determined in accordance with a result of the judgement. Hence, the 
film thickness ranges are accurately determined, which in turn improves the reliability of calculation of the film thick- 
nesses. 

According to the third aspect of the present invention, a possible combination of the film thickness values, i.e., the 
first and second conditions for a film thickness combination are determined. Before calculating a deviation between 
the theoretical spectral reflectance and the measured spectral reflectance with respect to the tentatively determined 
film thicknesses, whether the tentatively determined film thicknesses satisfy the first and second conditions is judged. 
Calculation of a deviation is performed only when the first and second conditions are satisfied. In other words, when 
the first and second conditions are not satisfied, that is, when the combination of the film thicknesses is apparently 
improper, calculation of a deviation is omitted. This further reduces the computation time. 

According to the fourth aspect of the present invention, since the film thickness combination which is found at the 
step (d) is optimized by nonlinear optimization, the film thicknesses of the respective transparent films are calculated 
even more accurately. 

Accordingly, it is an object of the present invention to offer a method of measuring film thicknesses of one or more 
stacked transparent films of a sample object without increasing the number of computation steps, without pre-meas- 
urement inputting of data and without changing measurement process in accordance with the number of the stacked 
transparent films. 

These and other objects, features, aspects and advantages of the present invention will become more apparent 
from the following detailed description of the present invention when taken in conjunction with the accompanying draw- 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a view of a film thickness measurement apparatus to which a film thickness measurement method of the 
present invention is applicable; 

Figs. 2 and 3 are flow charts showing a film thickness measurement method according to a preferred embodiment 
of the present invention; 

Fig. 4 is a flow chart showing a step of measuring spectral reflection ratios on a sample object; and 

Fig. 5 is a flow chart showing calculation steps of finding a film thickness combination which causes the deviation 

to be minimum. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A. Structure of Film Thickness Measurement Apparatus 

Fig. 1 is a view of a film thickness measurement apparatus to which a film thickness measurement method of the 
present invention is applicable. The film thickness measurement apparatus comprises an illumination optical system 
20 and an imaging optical system 30. The illumination optical system 20 includes a light source 21 which is formed by 
a halogen lamp so as to emit light of a certain observation wavelength range (e.g., 400 to 800 nm). Light from the light 
source 21 enters the imaging optical system 30 through a condenser lens 22, a field stop 23 and a condenser lens 24. 

The imaging optical system 30 consists of an objective lens 31 , a beam splitter 32 and a tube lens 33. Light from 
the illumination optical system 20 is reflected by the beam splitter 32 and irradiated upon a designated illumination 
position IL through the objective lens 31. 

An XY stage 40 is disposed in the vicinity of the illumination position IL. The XY stage 40 mounts a sample object 
OB in which one or more transparent films (e.g., a silicon oxide film and a silicon nitride film) are formed on a substrate. 
Moving in directions X and Y in response to a control signal received from an XY stage driving circuit (not shown), the 
XY stage 40 registers a desired surface region of the sample object OB to the illumination position IL. Although not 
shown in Fig. 1, the XY stage 40 is equipped with a device for detecting the position of the XY stage 40 (i.e., an X- 
coordinate and a Y-coordinate). The information about the position of the XY stage 40 is supplied to a control unit 50 
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which controls the apparatus as a whole. 

Light reflected at the region of the sample object OB (film thickness measurement region) which is registered to 
the illumination position IL is converged to a designated point on an optical axis through the objective lens 31, the 
beam splitter 32 and the tube lens 33. A plate 62 having a pin hole 61 in the center is disposed in the vicinity of the 
light convergent position. Of the reflected light, light passing through the pin hole 61 is allowed into a spectroscopic 
unit 70. 

The spectroscopic unit 70 is comprised of a concave diffraction grating 71 for separating the reflected light into 
spectrum components and an optical detector 72 for detecting spectrum components of the diffracted light. The optical 
detector 72 is formed by a photo diode array or a CCD, for example, and is disposed in optical conjugation with the 
pin hole 61 . Hence, light received by the spectroscopic unit 70 is separated into spectrum components by the concave 
diffraction grating 7 1 , and spectral signals corresponding to the energies of relevant spectrum components are provided 
to the control unit 50 from the optical detector 72. In the control unit 50, the film thicknesses of the transparent films 
which are formed in the sample object OB are measured in accordance with the spectral signals by a method which 
will be described later. The control unit 50 then outputs measurements to a CRT 51 . 

As shown in Fig. 1, the control unit 50 comprises a conventional CPU 52 which performs logic computations. 
Signals are transmitted between the CPU 52 and the CRT 51 and a key board 53 through an input/output port not shown. 

B. Operation of Film Thickness Measurement Apparatus (Procedures of Measurement) 

Figs. 2 and 3 are flow charts showing a method of measuring a film thickness of a muttilayered sample object 
according to a preferred embodiment of the present invention. A method of measuring thicknesses d1, d2 ... dl_ of a 
sample object OB which includes L layers (L > 1 ) disposed on a substrate will be hereinafter described with reference 
to Figs. 2 and 3. 

(1 ) First, through the key board 53, an operator inputs the number L of the transparent films and optical constants 
such as refraction indexes nO (X), n1 {X) ... nL(X) and absorption coefficients kO (X), k1 (X) ... kL (X) of each layer of the 
sample object OB with respect to various wavelengths (Step S1 ). The data are stored in a memory (not shown) of the 
control unit 50 and read whenever if necessary during computations which will be described later. 

(2) Next, at Step S2, reflection ratios F^ (X) of the sample object OB to a calibration wafer (e.g., silicon substrate) 
with respect to the observation wavelength range (from 400 to 800 nm, for example) are measured. The measurement 
is performed as follows as shown in Fig. 4. 

First, at Step S101, the halogen lamp of the light source 21 is turned on. At Step S102, an operator sets the 
calibration wafer on the XY stage 40 causing light to be reflected by the calibration wafer and converged to a designated 
point on an optical axis through the objective lens 31 . the beam splitter 32 and the tube lens 33. Only light passing 
through the pin hole 61 of the plate 62 is allowed into the spectroscopic unit 70 and separated into spectrum components 
within a wavelength range from 400 to 800 nm (Step S103). At Step S104, light entered the optical detector 72 is 
photoelectrically converted into spectral signals which will be supplied to the control unit 50 and stored as spectral data 
C (X) in the memory of the control unit 50. 

Following this, the operator detaches the calibration wafer from the XY stage 40 and places the sample object OB 
which is to be measured on the XY stage 40 (Step S105). In the same manner as above, light reflected by the sample 
object OB is guided into the spectroscopic unit 70, separated into spectrum components within the wavelength range 
from 400 to 800 nm (Step SI 06) and stored as spectral data M (X) in the memory of the control unit 50 (Step S107). 

Then, Steps S108 to S110 are repeated to read the spectral data C (X) and M (X) at appropriate pitches, for every 
1nm, for instance, within the wavelength range from 400 to 800 nm and to calculate the reflection ratios F^ {X) from 
Eq. 2 below: 

Rm{X) = lW X 100 (%) ™ 

Data about the calculated reflection ratios (hereinafter "spectral reflection ratio data") are stored in the memory (Step 
S109). 

The reflection ratios R m (X) of the sample object OB with respect to the wavelengths from 400 to 800 nm are then 
plotted against a wavelength thus developing an interference waveform. 

(3) At Step S3 (Fig. 2). peaks and valleys are identified in the developed interference waveform in the observation 
wavelength range and the total number m of the peaks and valleys is found. At Step S4, whether the total number m 
of the peaks and valleys is not less than 2 is judged. If "YES" at Step S4, the sequence proceeds to Steps S5 to S7 
but to Steps S8 and S9 if judged "NO" at Step S4, thereby finding possible combinations of the film thicknesses d1, 
d2 ... dl_ of the transparent films and calculating possible ranges of the respective film thicknesses. 

More Specifically, if "YES" at Step S3, the sequence proceeds to Step S5 where the sum ODof optical thicknesses 
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of the respective films is calculated according to: 

O£) = 0.25 X (m-1) X ^g*^ 2 [3] 

5 

where a1 is a first wavelength which is on the shorter wavelength side of the observation wavelength range. Thus, 
when the total number m of the peaks and valleys is 2 or larger, X1 is a wavelength which corresponds to a peak or a 
valley which is located at the shortest wavelength side. A second wavelength which is on the longer wavelength side 
of the observation wavelength range is indicated as >.2. When the total number m of the peaks and valleys is 2 or 
10 larger X2 is a wavelength which corresponds to a peak or a valley which is located at the longest wavelength side. 

Once the sum OD of the optical thicknesses is known, only a limited number of the possible combinations of the 
film thicknesses d1 , d2 ... dL are left available. In other words, the combination (dl , d2 ... dl) is determined by finding 
the film thicknesses d1. d2 ... dL which satisfy: 

75 

L 

(1 - y) x OD z Y, < <m> x d 0 * O + Y) x OD 

i=l 

20 

... [4] 



where 

25 

di : a film thickness of an i-th transparent film from the substrate 

<ni> : an average refractive index of the i-th transparent film with respect to a wavelength X 

y : the safety factor (described later) 

30 in this preferred embodiment, whether the inequality [4] holds is judged after substituting in the inequality [4] at Step 
S6, whereby the number of computation steps is reduced (described in detail later). In the inequality [4], the safety 
factor y regarding differences between measurements and calculated values (due to the NA and the refractive index 
of the objective lens, noise : etc.) is equal to or larger than 0 but smaller than 1. In this embodiment, y= 0.2. 

Once the sum ODof the optical thicknesses is found in this manner, the possible ranges of the respective film 

35 thicknesses can be calculated from the inequality [4]. That is, at Step S7. a possible film thickness range of each film 
is calculated according to: 



40 



Oi^d+Tflxg [5] 

As can be understood from the inequality [5], the minimum possible film thicknesses of the transparent films is zero 
while the maximum possible film thicknesses d^^ of the transparent films is: 

45 cWmax = (1 + Y)x^g [6] 

Thus, if "YES" at Step S3, the sequence proceeds to Steps S5 to S7 to find a condition for a possible combination 
of the film thicknesses d1 , d2 ... dL (inequality [4]) and to calculate the possible ranges of the respective film thicknesses 
dl, d2 ... dL (inequality [5J). 

50 On the other hand, if "NO* at Step S3, it is impossible to directly calculate the sum OD of the optical thicknesses 

since the total number m of the peaks and valleys is less than 2. To deal with this, in this preferred embodiment, a 
condition for a possible combination of the film thicknesses d1 , d2 ... dL is determined at Step S8, and possible ranges 
of the respective film thicknesses d1, d2 ... dL are calculated at Step S9. The reason why the condition for a possible 
combination and the possible film thickness ranges can be calculated at Steps S8 and S9 is as follows. 

55 The number of peaks and valleys appearing in the observation wavelength range is approximately expressed as: 
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10 



15 



20 



25 



30 



m = 4 x £ (<m> x di) x — ^ 



... [7] 



where X s is a first wavelength which is located at the shortest wavelength side of the observation wavelength range 
and X e is a second wavelength which located at the longest wavelength side of the observation wavelength range. 
Hence, 



x. - x. 



L 

m £ 4 x Y) (<ni> x di) x — — < m + 1 

i-i A, x A, 



•• [8] 



Therefore, considering the safety factor 7 (0 < y<1 ), 

L x-x 



m s y = 4 x V (<ni> x Ji) x — ^— — ^ < m + 1 + v 



i-i A, x X. 



... [9] 

35 in short, the inequality [9] is the condition for a possible combination of the film thicknesses d1 , d2 ... dL of the trans- 
parent films. Similarly to the condition which is calculated at Step S6, setting this condition for a possible combination 
reduces the number of calculation steps. Whether the inequality [9] holds is judged prior to calculations which will be 
described later. 

With the condition for a possible combination determined in this manner, the maximum value d jmax of the film 
40 thickness of each transparent film is calculated from the inequality [9] as: 



45 



55 



dimax = 0.25 x m - 1 . - * x \ 9 * f 10] 

<ni> - X m 1 UJ 



That is, the film thickness of the i-th transparent film from the substrate could range from zero to d^^, specifying the 
possible ranges of the film-thicknesses d1, d2 ... dL 

(4) Next, at Step S10 (Fig. 2), film thickness pitches are determined for the respective transparent films. In this 
preferred embodiment, since nonlinear optimization is performed on film thickness values which are calculated through 
so computations which will be described later, it is preferable to set the film thickness pitches at reasonably large values 
so that nonlinear optimization will not be trapped in local minimum and the computation time will be reduced. To this 
end, in this preferred embodiment, a film thickness pitch Adi of the i-th transparent film from the substrate is calculated 
prior to calculation of film thicknesses at subsequent Step S11 (Fig. 3) as: 



4x<ffi>x orr 
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The reason why the film thickness pitch Adi is to be calculated here is as follows. That is, in an interference waveform 
which is obtained by irradiating light of the observation wavelength range (from K. to X e ) onto a sample object in which 
one transparent film (here, the i-th transparent film) alone is disposed on the substrate, the total number m/of peaks 
and valleys is approximately calculated as: 



K - K 

mi- 4 X <nr> X di X — [12] 

A. _ X A. _ 



io As can be understood from Eq. 12, since the total number mi varies with a change in the film thickness di, where the 
film thickness pitch Adi is set at a large value, a change in the total number mi sometimes makes it impossible to find 
a minimum deviation point during a subsequent process step (Step S11) which will be described later. To avoid this, 
the film thickness pitch Adi is preferably set smaller than a film thickness change which causes the total number mi to 
increase or decrease by 1. For example, the film thickness pitch Adi is determined as one-tenth of the film thickness 

15 change. In this embodiment, the film thickness pitch Adi is set at a value which is expressed by Eq. 12. 

For instance, where X^ = 400 nm and X c = 800 nm, the film thickness pitch Adi of an Si0 2 film is set as: 



20 



Adi=- 



0.1 



4 X 1.457X 



800 - 400 
800 X 400 



= 13.7 



[13] 



25 



30 



The film thickness pitch Adi of an Si 3 N 4 film is set as: 

0.1 



Adi-- 



4 X 2.045 X 800-40° 



800 X 400 

= 9.7 [14] 



As understood from the description above, the film thickness pitch Adi becomes smaller as the refractive index of the 
transparent film becomes larger and the observation wavelength range becomes narrower. 

(5) At Step S11 (Fig. 3), a deviation between theoretical spectral reflectance and measured spectral reflectance 

35 with respect to the respective film thicknesses (di, d2 ... dL) is calculated while changing the thicknesses of the re- 
spective transparent films (d1, d2 ... dL) by the film thickness pitch Ad1 which is yielded at Step S10 in the range from 
zero to the respective maximum values (d^^ ... d^^), thereby finding a film thickness combination (d1 , d2 ... dL) in 
which the deviation becomes the smallest. In the following, a case where three transparent films are formed on the 
substrate will be taken as an example to describe Step S11 in detail with reference to Fig. 5. 

40 Fig. 5 is a flow chart showing computation steps for finding a film thickness combination (d1, d2 ... dL) in which 

the deviation becomes the smallest. 

First, at Step S201, a deviation Eis set at an appropriate value Emin. As termed herein, "deviations E m refer to 
deviations for evaluating differences between measured reflection ratios (X) which are calculated based on actual 
measurements and theoretical reflection ratios R c (X) which are theoretically calculated. Where the wavelength range 

45 is from X^ to X e and the thicknesses of the respective transparent films are d1 , d2 and d3, a deviation E is: 



E {X s , k a ; dU d2 ,d3) = J2 W W x {Rm (X) - Rc (k)) 2 ] 

A«X, 

... [15] 

In Eq. 1 5, W(X) is a weight function. As W(X), a weight function which is in proportion to an actual amount of received 
light can be used for instance. The theoretical reflection ratios F^. (X) are calculated in a conventional manner from 
optical constants such as refraction indexes and absorption coefficients of each transparent film of the sample object 
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OB, the wavelength X and the values tentatively determined as the film thicknesses of the respective transparent films. 

Although it is desirable to take measurements from various objects OB and determine an appropriate value for the 
deviation Emin based on the measurements, the deviation Emin may be simply set at a sufficiently large value. 

Having set the deviation Emin, at Step S202, the thickness d1 is changed by the film thickness pitch Ad1 in the 
5 range from zero to the maximum value d 1max . The thickness d2 is changed by the film thickness pitch Ad2 in the range 
from zero to the maximum value <^2 max at Step S203, and the thickness d3 is changed by the film thickness pitch Ad3 
in the range from zero to the maximum value d 3niax at Step S204. 

At Step S205, it is judged whether the values calculated as d1 , d2 and d3 satisfy the conditions for the film thickness 
combination which are set at Steps S6 and S8 (Fig. 2). If "YES" at Step S205, the sequence proceeds to Step S206 
10 to calculate a deviation E between the theoretical and measured reflection ratios with respect to the tentative film 
thickness values d1 , d2 and d3 and to thereafter judge whether the calculated deviation Eis smaller than the deviation 
Emin. If "YES" at Step S206, the sequence proceeds to Step S207 at which the deviation Eis replaced with the deviation 
Emin and the tentative film thickness values d1 , d2 and d3 are replaced with film thickness values dlmin, d2min and 
d3min. In other words, if the newly computed deviation is smaller than the former deviation, the computed deviation E 
15 and the tentative film thickness values d1 , d2 and d3 are maintained. 

On the other hand, if "NO" at Step S205, the sequence returns to Step S204 without proceeding to Step S206 to 
change the thickness d3 by the film thickness pitch Ad3. 

This process (Steps S205 to S207) is repeated until it is judged that a computation loop is completed at Steps 
S208 to S210. Thus, a combination of the film thicknesses (dlmin, d2min, d3min) which causes the deviation Eto be 
20 minimum is found. 

At last, the film thickness values dlmin, d2min and d3min replace the tentative film thickness values dl, d2 and 
d3, respectively. 

As described above, in this embodiment, Step S205 judges whether the tentative film thickness values d1 , d2 and 
d3 of the transparent films satisfy the conditions for the film thickness combination, and the deviation E is calculated 
25 only when the conditions are satisfied. Hence, calculations are omitted where unnecessary, which allows fast compu- 
tation. 

(6) Next, at Step S12 (Fig. 3), from the combination of the film thicknesses (d1, d2 ... dL), a more accurate com- 
bination of the film thicknesses (d1, d2 ... dL) is found by nonlinear optimization (e.g., Gauss-Newton method). The 
Gauss-Newton method is a conventional method and will not be therefore described here. 
30 (7) At Step S1 3 (Fig. 3), L-ary quadratic hypersurface approximation is performed utilizing the least square method. 

From a resultant quadratic surface function, the film thickness combination (d1 , d2 ... dL) which causes the deviation 
E to have a minimum value is identified. More specifically, the combination is found in the following manner. 

First, the thickness values tentatively determined for the respective transparent films at Step S12 are each in- 
creased or decreased by a very small amount (2 nm, for instance) to find combinations. The number of the combinations 
35 to be found here is equal to or larger than the value which is expressed as below: 



For instance, it is necessary to find six or more combinations if there are two transparent films, ten or more combinations 
if there are three transparent films, and fifteen or more combinations if there are four transparent films. 

The computed deviations E are then approximated by L-ary quadratic hypersurface approximation utilizing the 
least square method, thereby establishing a quadratic surface function as below: 



L 



40 




... [16] 



so 



55 
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so 



55 



E = c o + Z C k d k * £ (£c F -d t -dp 

*=1 1=1 y=i 

f-1 

C 0 > Cj, C 2 : coefficients 



... [17] 

Following this, from the resultant quadratic surface function, a combination (d1, d2 ... dl_) which corresponds to 
15 the smallest deviation E is found, which is to calculate the minimum value for the deviation E. Hence, if the deviation 
E is partially differentiated by the thickness d1, d2 ... or dl_ and a resultant solution is zero, combination of the thick- 
nesses d1 , d2, ... dL causes the deviation E to be minimum. With respect to where one transparent film is disposed 
on the substrate (L = 1 : monolayer film), where two transparent films are stacked on the substrate (L = 2 : two-layered 
film), where three transparent films are formed on the substrate (L = 3 : three-layered film), and where four transparent 
20 f jims are stacked on the substrate (L = 4: four-layered film), for example, the type of the function and an extremal value 
condition are as follows: 

<Monolayer film (L = t)> 

2S The quadratic surface function is expressed as: 

E=C 0 +C,d, +C 2 d* [18] 

30 a condition for an extremal value is: 

M = C 1 +2 <V"=0 US] 

35 <Two-layered film (L = 2)> 

The quadratic surface function is expressed as: 

40 £= C 0 + Cjd, + C 2 d 2 + C z <?^ + C 4 tf,tf 2 + C s d 2 2 [20] 

A condition for an extremal value is: 

45 !^ = C l+ 2C 3 cf1 + C 4 tf 2 = 0 

|^ = C 1 + C 4 d, + 2C s rf 2 = 0 [21] 



<Three- layered film (L = 3)> 

The quadratic surface function is expressed as: 



E= C 0 + C,d } + C 2 d 2 + C 3 d 3 + C 4 d* + C s d A d 2 + C G d % d 3 
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A condition for an extremal value is: 



20 



^ = c l+ 2c 4 <y 1 + c 5 d 2 + c 6 d 3 = o 

£f 2 =C 2 +C 5 d, +2C 7 d 2 + C Q d 3 = 0 

}£ 3 =C 3 + C 6 d,+C a d 2 +2C 9 d 3 = 0 [23] 



10 <Four-layered film (L = 4)> 

The quadratic surface function is expressed as: 

,5 £ = °0 + + °2 d 2 + C 3 d 3 + C 4 d 4 + C S d ^ + C B d l d 2 



2 

+ C 7 d^d 3 + C Q d^d 4 + C 9 d 2 + C w d 2 d 3 + C^^d 2 d A 

+ C i2 d 3 2 + C 13 d 3 d 4 + C 14 d 4 2 [24] 



A condition for an extremal value is: 



j-fi = C 1 + 2C 5*1 + C S d 2 + ^7*3 + C S d 4 =° 
T7f 2 = C 2 + C 6^1 + 2( V 2 + C 10*3 + ^11*4 = 0 

}f 3 =C 3 + C 7 d, + C l0 d 2 + 2C l2 tf 3 + C 13 c/ 4 = 0 
30 |^ = C 4 + Ced, + C tl c/ 2 + C 13 d 3 + 2C 14 d 4 = 0 [25] 

By solving the equations established in the manner above (e.g., Eqs. 19, 21 , 23 and 25), the film thickness values 
d1, d2 ... dL which cause the deviation E to be minimum are found. The accuracy of film thickness measurement is 
enhanced accordingly. 

35 Thus, according to this embodiment, the total number m of the peaks and valleys in a measured interference 

waveform is found (Step S3) and the possible ranges for the film thicknesses of the respective transparent films are 
determined based on both the total number m of the peaks and valleys and two wavelengths specified within the 
observation wavelength range (i.e., the first wavelength which is located in the shorter wavelength side and the second 
wavelength which is located in the longer wavelength side) (Steps S7 and S9). Hence, there is no need to input the 

40 fjjm thickness ranges prior to measurement. Further, the total number of the computation steps is reduced, which 
substantially shortens the computation time. Still further, according to this embodiment, by performing predetermined 
measurement processes (i.e., Figs. 2 and 3), it is possible to measure the film thicknesses of the respective transparent 
films regardless of the number of the transparent films. 

In addition, since the total number m of the peaks and valleys in an interference waveform is found (Step S3), 

4 $ whether the total number m is not less than 2 is then judged, and the film thickness ranges for the respective transparent 
films are then determined in accordance with the judgement, it is possible to more accurately determine the film thick- 
ness ranges and hence to improve the reliability of calculation of the film thicknesses. 

After finding a possible combination of film thickness values of the transparent films, that is, after finding conditions 
for the combination (Steps S6 and S8) and prior to calculation of a deviation at Step S206, whether the tentative film 

so thickness values satisfy the conditions is judged. Calculation of a deviation will not be performed unless the conditions 
are satisfied. In other words, when the conditions are not satisfied (that is, when the combination of film thickness 
values is obviously improper), calculation of a deviation is simply omitted. This reduces the computation time. However, 
it is to be noted that setting of the conditions for a combination (Steps S6 and S8) and judgement of whether the 
conditions are satisfied (Step S205) are not necessarily essential. 

55 with respect to Step S1 1 at which a possible combination of film thickness values of the transparent films is found, 

the film thicknesses can be very accurately found since the combination of the film thickness values is optimized by 
nonlinear optimization (Step S 1 2) in this embodiment. The accuracy of film thickness measurement is further enhanced 
by Step S13. These steps S12 and S13. however, are not necessarily requisite. 
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Although the embodiment above requires to calculate a ratio of spectral energy which is measured on the sample 
object OB to spectral energy which is taken on a calibration wafer (silicon substrate) : i.e., spectral reflection ratios, 
spectral reflectances may be calculated instead. 

While the invention has been described in detail the foregoing description is in all aspects illustrative and not 
5 restrictive. It is understood that numerous other modifications and variations can be devised without departing from 
the scope of the invention as claimed. 



Claims 



A method of measuring thicknesses of one or more transparent films of a sample object which are stacked on a 
substrate of said sample object, said method comprising the steps of: 



(a) inputting the number of said transparent films and optical constants of each one of said transparent films; 
15 (b) irradiating light of a predetermined observation wavelength range upon said sample object, measuring 

spectral reflectances and deriving an interference waveform; 

(c) finding the total number of peaks and valleys in said interference waveform within said observation wave- 
length range and determining possible film thickness ranges for said transparent films based on an inequality 
including the number of said transparent films, the total number of peaks and valleys and first and second 

20 wavelengths which are respectively located in a shorter wavelength side and a longer wavelength side within 

said observation wavelength range; and 

(d) calculating a deviation between theoretical spectral reflectance and measured spectral reflectance with 
respect to tentatively determined film thickness values while changing said tentatively determined film thick- 
ness values each by a predetermined film thickness pitch within said possible film thickness ranges to find a 

25 film thickness combination which causes the deviation to be minimum, thereby finally determining the thick- 

nesses as the thicknesses of said transparent films. 



2. The method of claim 1 , wherein said step (c) comprises the steps of; 



30 (c-1 ) finding the total number of peaks and valleys in said interference waveform within said observation wave- 

length range; 

(c-2) judging whether the total number is less than 2 or not; and 

(c-3) if the total number is not less than 2, determining a wavelength which is related to a peak or a valley 
which is located on the shorter wavelength side in said interference waveform as said first wavelength and 
55 determining a wavelength which is related to a peak or a valley which is located on the longer wavelength side 

in said interference waveform as said second wavelength thereby to determine said possible film thickness 
ranges of said transparent films based on said first and second wavelengths; or 

(c-4) if the total number is less than 2, calculating an approximate total number of peaks and vatleys which 
could be found within said observation wavelength range as the total number based on wavelengths which 

to are located at the shortest and longest wavelength sides and said optical constants regarding said transparent 

films determining the wavelength which is located at the shortest wavelength side of said observation wave- 
length range as said first wavelength while determining the wavelength which is located at the longest wave- 
length side of said observeration wavelength range as said second wavelength, and thereafter determining 
said possible film thickness ranges of said transparent films based on said approximate total number of peaks 

45 and valleys and said first and second wavelengths. 

3. The method of claim 2, wherein said step (c-3) comprises a step of calculating a sum of optical thicknesses of said 
transparent films based on said first and second wavelengths and the total number of peaks and valleys found at 
said step (c-1) and thereafter determining a certain range around said sum as a first condition for a film thickness 

50 combination, wherein said step (c-4) includes a step of determining a certain range around said approximate total 

number of peaks and valleys as a second condition for a film thickness combination, 

and wherein said step (d) includes a step of judging whether said tentatively determined film thicknesses 
satisfy said first and second conditions for a film thickness combination prior to calculation of a deviation between 
theoretical spectral reflectance and measured spectral reflectance with respect to said tentatively determined film 

55 thicknesses, and thereafter calculating a deviation only when said first and second conditions for a film thickness 

combination are satisfied. 



4. The method of claim 3, wherein prior to said step (d), said film thickness pitch is set for each one of said transparent 
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films at a value which is smaller than a film thickness change which causes the total number of peaks and valleys 
appearing in said interference waveform to change by 1 with a change in said tentatively determined film thick- 
nesses, 

and wherein said film thickness combination which is found at said step (d) is optimized by nonlinear opti- 
mization in finding thicknesses of said one or more transparent films. 

5. The method of claim 1. wherein said step (d) includes a step of judging whether said tentatively determined film 
thicknesses satisfy a predetermined condition for a film thickness combination prior to calculation of a deviation 
between theoretical spectral reflectance and measured spectral reflectance with respect to said tentatively deter- 
mined film thicknesses, and thereafter calculating a deviation only when said condition for a film thickness com- 
bination is satisfied. 



Patentanspruche 

1. Verfahren zum Messen von Dicken eines Oder mehrerer transparenter Filme eines Probegegenstandes, die auf 
einem Substrat des Probegegenstandes gestapelt angeordnet sind, wobei das Verfahren die Schritte aufweist: 

(a) Eingebender Anzahl dertransparenten Fitme und deroptischen Konstanten jedes dertransparenten Filme; 

(b) Einstrahlen von Licht aus einem vorbestimmten Beobachtungs-Wellenlangenbereich auf den Probegegen- 
stand, Messen des spektralen Reflexionsvermogens und Ableiten einer Interferenz-Wellenform; 

(c) Auffinden der Gesamtanzahl von Gipfeln und Talem in der Interferenz-Wellenform innerhalb des Beob- 
achtungs-Wellenlangenbereiches und Festlegen moglicher Filmdickenbereiche fur die transparenten Filme, 
basierend auf einer Ungleichung, die die Anzahl der transparenten Filme, die Gesamtanzahl der Gipfel und 
Taler und erste und zweite Wellenlangen, die sich jeweils auf einer Seite kurzerer Wellenlangen und auf einer 
Seite langerer Wellenlangen innerhalb des Beobachtungs-Wellenlangenbereiches befinden, enthalt; und 

(d) Berechnen einer Abweichung zwischen dem theoretischen spektralen Reflexionsvermogen und dem ge- 
messenen spektralen Reflexionsvermogen in bezug auf versuchsweise festgelegte Filmdickenwerte, wahrend 
die versuchsweise festgelegten Filmdickenwerte jeweils um eine vorbestimmte Filmdicken-Schrittweiter in- 
nerhalb der moglichen Filmdickenbereiche geandert werden, um eine Filmdickenkombination zu finden. die 
bewirkt, daf3 die Abweichung minimal ist, wodurch schliefclich die Dicken als die Dicken des transparenten 
Films festgelegt werden. 

2. Verfahren nach Anspruch 1 , bei dem der schritt (c) die Schritte aufweist: 

(c-1) Auffinden der Gesamtanzahl von Gipfeln und Talern in der Interferenz-Wellenform innerhalb des Beob- 
achtungs-Wellenlangenbereiches; 

(c-2) Entscheiden, ob die Gesamtanzahl kleiner als 2 ist Oder nicht; und 

(c-3) wenn die Gesamtanzahl nicht kleiner als 2 ist, Festlegen einer Wellenlange, die zu einem Gipfel Oder 
einem Tal Bezug hat, der/das sich auf der Seite der kurzeren Wellenlange in der Interferenz-Wellenform be- 
findet, als die erste Wellenlange und Festlegen einer Wellenlange, die zu einem Gipfel oder einem Tal Bezug 
hat, der/das sich auf der Seite der langeren Wellenlangen in der Interferenz-Wellenform befindet, als die zweite 
Wellenlange, um somit die moglichen Filmdickenbereiche der transparenten Filme basierend auf der ersten 
und zweiten Wellenlange festzulegen; oder 

(c-4) wenn die Gesamtzahl kleiner als 2 ist, Berechnen einer angenaherten Gesamtzahl von Gipfeln und Ta- 
lem, die innerhalb des Beobachtungs-Weflenlangenbereiches gefunden werden konnten, als die Gesamtzahl, 
basierend auf Wellenlangen, die sich an den Seiten mit kurzesten und langsten Wellenlangen befinden, und 
auf den optischen Konstanten im Hinblick auf die transparenten Filme, Festlegen der Wellenlange, die sich 
auf der Seite der kurzesten Wellenlange des Beobachtungs-Wellenlangenbereiches befindet. als die erste 
Wellenlange, wahrend die Wellenlange, die sich auf der Seite der langsten Wellenlange des Beobachtungs- 
Wellenlangenbereiches befindet, als die zweite Wellenlange festgelegt wird, und danach Bestimmen der mog- 
lichen Filmdickenbereiche der transparenten Filme, basierend auf der angenaherten Gesamtzahl von Gipfeln 
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und Bergen und der ersten und zweiten Wellenlange. 

3. Verfahren nach Anspruch 2, bei dem der Schritt (c-3) einen Schritt des Berechnens einer Summe optischer Dicken 
der transparenten Filme aufweist, basierend auf der ersten und zweiten Wellenlange und der Gesamtzahl von 
Gipfeln und Talern, die im Schritt (c-1) gefunden worden sind, und danach Festlegen eines bestimmten Bereiches 
um die Summe als eine erste Bedingung fur eine Filmdickenkombination, wobei der Schritt (c-4) einen Schritt des 
Festlegens eines bestimmten Bereiches um die ungefahre Gesamtzahl von Gipfeln und Talern als eine zweite 
Bedingung fur eine Filmdickenkombination umfaBt, 

und wobei der Schritt (d) einen Schritt des Entscheidens enthalt, ob die vorlaufig festgelegten Filmdicken 
die erste und zweite Bedingung fur eine Filmdickenkombination erfullen vor der Berechnung einer Abweichung 
zwischen dem theoretischen spektralen Reflexionsvermogen und dem gemessenen spektralen Reflexionsvermo- 
gen in bezug auf die vorlaufige festgelegten Filmdicken.. und danach Berechnen einer Abweichung nur, wenn die 
erste und zweite Bedingung fur einen Filmdickenkombination erfullt sind. 

4. Verfahren nach Anspruch 3, bei dem vor dem Schritt (d) die Filmdicken-Schrittweite fur jeden der transparenten 
Filme auf einen Wert gesetzt wird, der kleiner ist als eine Filmdickenanderung, die bewirkt, daB die Gesamtzahl 
von Gipfeln und Talern in der Interferenz-Wellenform sich um 1 bei einer Anderung in der vorlaufig festgelegten 
Filmdicke andert, 

und wobei die Filmdickenkombination, die im Schritt (d) gefunden wird, durch ntchtlineare Optimierung beim 
Finden der Dicken einer oder mehrerer transparenter Filme optimiert wird. 

5. Verfahren nach Anspruch 1, bei dem der Schritt (d) einen Schritt des Entscheidens umfaBt, ob die vorlaufig fest- 
gelegten Filmdicken eine vorbestimmte Bedingung fur eine Filmdicken kombination erfullen, vor der Berechnung 
einer Abweichung zwischen dem theoretischen spektralen Reflexionsvermogen und dem gemessenen spektralen 
RefJexionsvermogen in bezug auf die vorlaufig festgelegten Filmdicken, und danach Berechnen einer Ableitung 
nur, wenn die Bedingung fur eine Filmdickenkombination erfullt ist. 



Revendlcations 

1. Une methode de mesure des epaisseurs d'un ou de plusieurs films transparents d'un objet-echantillon, qui sont 
empiles sur un substrat du dit objet-echantillon, ladite methode comprenant les etapes consistant a : 

(a) introduce le nombre de dits films transparents et des constantes optiques se rapportant a chacun des dits 
films transparents ; 

(b) irradier de la lumiere d'un domaine de longueurs d'onde d'observation predetermine sur (edit objet-echan- 
tillon, mesurer les reflectances spectrales et deriver une forme d'onde d'interference ; 

(c) trouver le nombre total de pics et de creux de ladite forme d'onde d'interference a I'interieur dudit domaine 
des longueurs d'onde d'observation et determiner les gammes possibles d'epaisseurs de films des dits films 
transparents sur la base d'une inegalite comprenant le nombre de dits films transparents, le nombre total de 
pics et de creux et les premiere et seconde longueurs d'onde qui sont respectivement situees d'un c6te des 
longueurs d'onde plus courtes et d'un cote des longueurs d'onde plus grandes a I'interieur du dit domaine des 
longueurs d'onde d'observation ; et 

(d) calculer une deviation entre reflectance spectrale theorique et reflectance spectrale mesuree eu egard aux 
valeurs d'epaisseurs de films deterrninees proviso irement, en modifiant chacune des dites valeurs d'epais- 
seurs de films deterrninees provisoirement d'un increment d'epaisseur de film predetermine a I'interieur des- 
dites gammes possibles d'epaisseurs de films, afin de trouver une combinaison d'epaisseurs de films qui 
donne une deviation minimum, pour finalement determiner les epaisseurs en tant qu'epaisseurs des dits films 
transparents. 

2. La methode de la revendication 1 , dans laquelle ladite 6tape (c) comprend les etapes consistant a : 

(c-1 ) trouver le nombre total de pics et de creux de ladite forme d'onde d'interference a I'interieur dudit domaine 
des longueurs d'onde d'observation ; 
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(c-2) evaluer si le nombre total est inferieur a 2 ou non ; et 

(c-3) si le nombre total n'est pas inferieur a 2, determiner une longueur d'onde qui se rapporte a un pic ou a 
un creux qui est situe du cote des longueurs d'onde plus courtes de ladite forme d'onde d'interference en tant 
que premiere longueur d'onde, et determiner une longueur d'onde qui se rapporte a un pic ou un creux qui 
est situe du cote des longueurs d'onde plus grandes de la forme d'onde d'interference en tant que seconde 
longueur d'onde, pour determiner ainsi lesdites gammes possibles d'epaisseurs de films correspondant aux 
dits films transparents sur la base des dites premiere et seconde longueurs d'onde ; ou 

(c4) si le nombre total est inferieur a 2, calculer un nombre total approximatif de pics et de creux qui pourrait 
etre trouve dans ledit domaine des longueurs d'onde d'observation en tant que nombre total sur la base des 
longueurs d'onde qui sont situees du cote des longueurs d'onde les plus grandes et du c6te des longueurs 
d'onde les plus courtes, et sur la base des dites constantes optiques relatives aux dits films transparents, 
determiner la longueur d'onde qui est situee du cote de la longueur d'onde la plus courte du dit domaine des 
longueurs d'onde d'observation en tant que premiere longueur d'onde et determiner la longueur d'onde qui 
est situee du cote des longueurs d'onde les plus grandes du dit domaine des longueurs d'onde d'observation 
en tant que dite seconde longueur d'onde, puis a determiner lesdites gammes possibles d'epaisseurs de films 
correspondant aux dits films transparents sur la base du dit nombre total approximatif de pics et de creux et 
des dites premiere et seconde longueurs d'onde. 

La methode selon la revendication 2, dans laquelle ladite etape (c-3) comprend une etape consistant a calculer 
une somme des epaisseurs optiques desdits films transparents sur la base desdites premiere et seconde longueurs 
d'onde et du nombre total de pics et de creux trouves a ladite etape (c-1 ), puis a determiner une certaine gamme 
autour de ladite somme en tant que premiere condition de la combinaison d'epaisseurs de films, dans laquelle 
I'etape (c-4) comprend une etape consistant a determiner une certaine gamme autour dudit nombre total approxi- 
matif de pics et de creux en tant que seconde condition d'une combinaison d'epaisseurs de films, 

et dans laquelle ladite etape (d) comprend une etape consistant a evaluer si lesdites epaisseurs de films 
determinees provisoirement satisfont aux dites premiere et seconde conditions d'une combinaison d'epaisseurs 
de films avant de calculer une deviation entre reflectance spectrale theorique et reflectance spectrale mesuree 
par rapport aux dites epaisseurs de films determiners provisoirement puis a calculer une deviation uniquement 
lorsque lesdites premiere et seconde conditions d'une combinaison d'epaisseurs de films sont remplies. 

La methode selon la revendication 3, dans laquelle, avant ladite etape (d), ledit increment d'epaisseurde film est 
defini pour chacun desdits films transparents avec une valeur qui est inferieure a celle d'une modification d'epais- 
seur de film qui entrame une modification de 1 du nombre total de pics et de creux apparaissant dans ladite forme 
d'onde d'interference avec une modification desdites epaisseurs de films determinees provisoirement, 

et dans laquelle ladite combinaison d'epaisseurs de films qui est trouvee a I'etape (d) est optimisee par une 
optimisation non lineaire pour trouver les epaisseurs du dit ou des dits films transparents. 

La methode selon la revendication 1 , dans laquelle ladite etape (d) comprend une etape consistant a evaluer si 
lesdites epaisseurs de films determinees provisoirement satisfont a une condition predetermined d'une combinai- 
son d'epaisseurs de films avant de calculer une deviation entre reflectance spectrale theorique et reflectance 
spectrale mesuree par rapport aux dites epaisseurs de films determiners provisoirement, puis a calculer une 
deviation uniquement lorsque ladite condition d'une combinaison d'epaisseurs de films est remplie. 
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FIG. 1 
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FIG. 2 
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COMPONENTS (4O0-800nn) 

I 



- S103 



STORE PHOTOELECTR I CALLY CONVERTED 
SPECTRAL DATA C( 2 ) IN MEMORY 

1 



S104 



SET MULTI LAYERED SAMPLE OBJECT 

I 



- S105 



SEPARATE REFLECTED LIGHT INTO SPECTRUM 
COMPONENTS ( 400 ~800nn) 



- S106 



STORE PHOTOELECTR I CALLY CONVERTED 
SPECTRAL DATA M( X ) IN MEMORY 



- S107 



CHANGE A BY Inn PITCH 
FROM 400 - 800nn 



- S108 



CALCULATE AND STORE SPECTRAL 
REFLECTION RATIO DATA IN MEMORY 



NO 




- S109 



SI 10 



RETURN 
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EP0 644 399 B1 



F I G. 5 



Q START 



SET Enin 



S 2 0 1 



CHANGE 


dl 


FROM 0 TO 


dlnax 


BY 


Adl 


— 20 2 






i 










CHANGE 


d2 


FROM 0 TO 


d2max 


BY 


Ad2 


-S 2 03 


CHANGE 


d3 


*~ 

FROM 0 TO 


d3max 


BY 


Ad3 


-^S 2 04 




NO 



RETURN 



*2 



207 



Emin*-E 
d lmin-*- d l 
d2min-«- d2 
d 3m in*- d 3 

: 1 




S 208 



S209 



S 2 1 0 
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